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and  Rudeen S. Smith 
Langley  Research  Center 
SUMMARY 
Existing  theoretical  techniques  have  been  modified  and  combined  to  provide a method 
for  computing  surface-pressure  distributions on  blunt  bodies with spherical  nose  caps  and 
arbitrary afterbody  shapes  at  small  angles of attack.  The  method  consists  basically of 
modified Newtonian theory  in  the  stagnation  region with second-order  shock-expansion 
theory  used when the  surface flow becomes  supersonic.  The seton'-order shock- 
expansion  theory is most  conveniently  applied to rotationally symmeL *ic  bodies;  therefore, 
to  use  this  theory  at  small  angles of attack,  the body meridian  lines arL used  to  generate 
equivalent  bodies of revolution  from which the  meridian  pressure  distributions are 
obtained. 
A complete,  consistent  set of experimental  surface-pressure  data is presented  for 
two typical  blunt  reentry  configurations  to  permit  evaluation of the  present  theoretical 
methods.  The  test  conditions  provide  surface-pressure  distributions  for six Mach num- 
bers  from 1.50 to 4 .63  and  four  angles of attack  from 0' to 1 2 O  for  each  model.  A  com- 
parison of the  present  theoretical  method with these  experimental  data  indicates  that  this 
method  gives  adequate  engineering  estimates of the  surface  pressures  on blunt bodies  at 
moderate  angles of attack  except  where flow separation  or  detached  secondary  shock 
waves are present. 
The  experimental  pressures  were  integrated  to  give  forces  and  moments  for  the 
angle-of-attack  range,  and a comparison of the  present  theoretical  method  and  modified 
Newtonian theory was  made.  In  general,  the  present  method  did not show  significantly 
better  agreement with the  experimental axial force than  did  the  Newtonian  theory. How- 
ever,  in  the  lower Mach  number  range,  the  present  method  generally  showed  improved 
agreement with the  experimental  normal  force.  As  was  the  case with the  surface  pres- 
sures?  the  present  method  gave  adequate  engineering  estimates of the  forces  and  moments 
except  where  large areas of flow separation o r  detached  secondary  shock  waves  occurred. 
INTRODUCTION 
The  determination of the  inviscid  aerodynamic  force  and  moment  characteristics of 
a blunt body of revolution  requires a knowledge of the  surface-pressure  distribution  for 
the body. Several  theoretical  methods are available  for  calculating  these  surface  pres- 
su res  on  blunt  bodies at angle of attack  in a supersonic  flow  field. Of these  methods,  the 
Newtonian  theory  and  the  three-dimensional  method of characterist ics  represent  the two 
extremes of complexity.  The  Newtonian  theory,  although  simple  to  use, is limited by the 
assumption  that  the  pressure on  any  leeward  surface is equal  to  free-stream  pressure. 
This  limitation  can  result  in  serious  errors  in the aerodynamic  coefficients,  especially  at 
low supersonic Mach numbers.  However, a solution  by  the  three-dimensional  method of 
characteristics, if properly done, is an  exact  representation of the  inviscid flow field  for 
any  supersonic  Mach  number.  In  order  to  obtain a solution by the  method of character- 
istics,  the  subsonic flow field  in  the  stagnation  region  must  be  defined  and  then  the  char- 
acterist ics  at  a point  downstream of the  sonic  line  must be matched.  The  solution of the 
subsonic flow field  and  the  method of characteristics are sufficiently  complicated  to 
demand  the  use of the  most  sophisticated  high-speed  digital-computing  equipment. 
Some attempts  have  been  made  to  develop  methods  which  account  for  the low pres- 
sure on the  leeward  side of the body without involving  the  complexities of the method of 
characteristics.  The  use of Prandtl-Meyer expansion theory in conjunction with the 
Newtonian method is typical of these  efforts. An example of this  technique is presented 
in  reference 1. In  reference 1, Newtonian theory is used  to  establish  the  pressure  dis- 
tribution  to  the  sonic point. Prandtl-Meyer expansion theory is then  used  from  the  sonic 
point to the  juncture of the  spherical  cap with the  conical  section of the body, and a 
modified-tangent-cone  method is used  to  determine  the  flow  conditions  on  the  conical 
section.  Reference 1 indicates  that  this  approach  gives good agreement  for  the  aerody- 
namic  characteristics of blunt cones  in  the  hypersonic-speed  range (6.80 < Mach number 
< 10.10). 
There is a notable  lack of comparison of the  various blunt-body theories with 
experiment  in  the  supersonic-speed  range (2.00 < Mach number < 4.00) at  angles of attack. 
The  present  paper is an  attempt  to  provide a relatively  simple  method of calculating  the 
aerodynamic  characteristics of blunt  bodies of revolution  with  spherical  nose  caps  at 
angles of attack  in  the  supersonic-speed  range.  The  theoretical  technique is similar to 
that of reference 1 with the  notable  exception  that  the  Prandtl-Meyer  expansion  and 
tangent-cone  methods are  replaced by the  second-order-shock-expansion  method of ref- 
erence 2. 
The  results of the  theoretical  calculations are compared with experimental  pres- 
sure  distributions  for two typical  blunt  reentry  configurations.  These  experimental  pres- 
sure  distributions are presented  for Mach numbers  from 1.50 to 4.63, for  an 
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angle-of-attack  range  from 0' to 12O, and for  a Reynolds  number  range  from 2.59 X lo6 
to 3.00 X 106  per  foot (8.50 X 106 to 9.84 X lo6 per  meter). 
SYMBOLS 
The  units  used  for  the  physical  quantities  in  this  paper  are  given both in U.S. 
Customary  Units  and  in  the  International  System of Uni t s  (SI). Factors  relating  the two 
systems are given  in  reference 3. The  reference  center  for  moments is taken at the  nose 















axial-force  coefficient, Axial force 
qo3s 
pitching-moment  coefficient, Pitching  moment 
q,sz 
normal-force  coefficient, Normal  force 
pressure  coefficient, P s  - P, 
base diameter, feet (meters) 
body length, feet (meters) 
Mach number 
static pressure, pounds/foot2 (newtons/meterZ) 
dynamic pressure, pounds/foot2 (newtons/meter2) 
radius of spherical nose cap (fig. l), feet (meters) 
Reynolds  number 
area of model base, feet2 (metersa) 
distance  along body meridian  measured  from  nose (fig. l), feet  (meters) 
temperature, degrees Fahrenheit (degrees Kelvin) 
3 
X,Y coordinates (fig. l), feet (meters) 
a! angle of attack,  degr'ees 
Y ratio of specific  heats (1.4 for  present  analysis) 
6 angle of inclination of tangent  plane at body surface  to  airflow,  degrees 
e angular position  measured  counterclockwise  about  center  line of model 
(fig. 1); meridian  angle,  degrees 
Subscripts: 
03 free-stream  conditions 
C conditions  on  cone with attached  shock 
S conditions  on body surface 
t stagnation  conditions 
W wind axis 
ANALYSIS 
Nonlifting Body 
The  present  development of a method  for  calculating  the  pressure  distribution  on a 
blunt body of revolution of zero  angle of attack  involves a combination of simple  approxi- 
mate  theories  used  to  take  advantage of each  theory  in its appropriate flow regime.  The 
present  method is similar  to that of reference 1 in  that  the  calculated  pressures  along a 
streamline  are  derived  from  one of three  basic  flow  conditions:  subsonic  flow  in  the 
region of the  stagnation  point,  supersonic  expansion,  and  supersonic  compression. 
In  the  region of the  stagnation  point,  the  surface  pressures  can  be  adequately  pre- 
dicted by Newtonian  method if the  normal-shock  equations are used  to  determine  the  stag- 




In order  to  obtain  the  surface Mach  number  variation  in  this  region,  an  isentropic  expan- 
sion  from  the  stagnation  point is assumed  and  the  resulting  variation is given  by 
Ms = 
After  the  flow  along  the  surface  becomes  supersonic  and  begins  to  expand  rapidly, 
the  Newtonian  method  can  give  large  errors  in  surface  pressure. In this  region, a the- 
oretical  method,  appropriate  to  supersonic  expanding  flows,  must  be  matched  to  the 
Newtonian  calculations.  The  success of such a matching  process is dependent  on  the 
theory  used, as well as the  criterion  for  the  match point. Reference 1, for  example,  uses 
a simplified  version of a Prandtl-Meyer  expansion  method  from  the  sonic  point on. This 
method  gives good agreement  at  the  higher Mach numbers (6.80 < M, < 10.00). In  the 
present  paper  the  second-order  shock-expansion  method of reference 2 is used  from a 
point arbitrarily  chosen  to  be  the  point  where  the  surface  slope is the  same as that 
required  for  shock  attachment  to a two-dimensional wedge at the  free-stream Mach  num- 
ber.  This point was chosen  simply  because it gave  the  best  agreement with the  available 
data  in  the low supersonic-speed  range.  The  second-order  shock-expansion  method  has 
the  advantage  over a simple  Prandtl-Meyer  expansion  method  because it accounts  to  some 
degree  for the overexpansion phenomenon. The second-order shock-expansion method 
can  also  be  used  to  evaluate  rather  large  compression  effects. 
The  basic  approach of the  second-order  shock-expansion  method is to treat the body 
as if it was  composed of many  cone  frustums. As the  calculation  proceeds  downstream 
on  the body surface, a Prandtl-Meyer  expansion  or  an  oblique-shock  compression  (which- 
ever is appropriate) is used at the  juncture of two cone  frustums  to  evaluate  the  conditions 
at the start of the  downstream  element.  In  order  to  establish  the  variation of flow  condi- 
tions  over  the  second  frustum, a series is defined  to  allow  the  initial  conditions  for  that 
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frustum to approach  conical  values if the  frustum is indefinitely long. This series is then 
used  to  establish  conditions  just  before  the  juncture with the  next  cone  frustum,  and  the 
calculation  proceeds  from  one  elemental  cone  frustum  to  the  next  along  the body of revo- 
lution.  The  details of the  second-order  shock-expansion  method  and  the  attendant  cal- 
culating  procedure are well  documented  in  reference 2 and,  therefore,  they  are not 
repeated  here. One  difficulty  with this method (as pointed  out  in ref. 2) is the  possibility 
of divergence of the  series  used  to  evaluate  the  pressure  variation  on  an  elemental  frus- 
tum.  This  condition is usually  encountered  in  regions  where  large  expansions or com- 
pressions  occur. For the  condition of a divergent  series,  the  flow  properties  on  the  par- 
ticular  frustum  can  be  assumed  constant  for  that  element  and  the  calculation  proceeds  to 
the  next  frustum  (classical  shock-expansion  theory). 
Many blunt  bodies  have  flare  afterbodies  for  stability  and  to  provide  con  enient 
adapter  fairings  to  their  boosters.  In  the low supersonic-speed  range,  these  lares  usu- 
ally  result  in  detached  shock  waves  and  the  shock-expansion  methods do not !give a solu- 
tion  for  these  conditions.  In  order  to  provide at least  an  estimate of the  flow  parameters 
on  the flare afterbodies when the flare shock is theoretically  detached,  the  present  analy- 
sis resorts  to  the  technique  described  in  reference 4. Reference 4 describes  essentially 
a method of analyzing  secondary  flow  fields by considering  the  flare  disturbance as an 
embedded  Newtonian  impact  flow.  The  expression  from  reference 4 for  the  pressure 
coefficient on the  flare  afterbody is 
where the subscripts 1 and 2 refer to conditions before and after the flare juncture, 
respectively. 
Lifting Body 
The  calculation of the  surface  pressures on a body of revolution is considerably 
more  complicated when the body is inclined to the  flow. When the body is not  inclined, 
the  meridian  lines  on  the  surface  are  coincident with the  streamlines,  and  the  analysis 
used  for  the  nonlifting body is adequate.  At  incidence,  the  streamlines  deviate  consider- 
ably  from  the  meridian  lines  because of the  crossflow  component of the  flow  on  the  sur- 
face. If the  shape of the  streamlines  can  be  approximated  and  this  shape  used  to  generate 
a body of revolution, it is reasonable  to  assume  that  the  analysis  for the nonlifting body 
can  be  used  to  provide  the  pressure  variation  along a meridian of this  equivalent body of 
revolution  and,  therefore,  along the streamline  itself. 
The  approach  taken  in  the  present  analysis is to  obtain  the  coordinates of the 
streamlines  in the vertical  plane (6 = *90° in fig. 1) for  the body of revolution at angle 
c 
of attack by transforming  the  body-axis  coordinates  into  the  wind-axis  system.  This 
transformation  results  in a rotation of the  coordinate  system.  In  order  to  maintain  the 
spherical  nose  cap  for  the  transformed  coordinates,  the  center of rotation is taken  to  be 
the center of the sphere. The streamline for 0 = Oo is approximated by the body-axis 
coordinates of a meridian of the  true body shape.  These  assumptions  imply  that  the  coor- 
dinates of the  streamlines on the body at angle of attack  vary  from  body-axis  coordinates 
at 8 = Oo to wind-axis coordinates at 8 = *goo. This variation is represented for 
90° I 8 2 -90° by the  expressions 
a! - I) + x + e cos a! - (x - r ) s i n   d s i n  a! 
( 4 4  cos a! 
L 
yw = f cos a! - (x - r)sin a! - g s i n  e 
With the  use of equations (4a) and  (4b),  the  coordinates 
J 
+ Y  
of the  streamlines  in  the 
wind-axis  system  are  obtained  and  these  coordinates  are  used  to  generate  bodies of rev- 
olution for each radial angle 8 of interest. The estimates of the pressure distributions 
along  the  body-axis  meridians of the body of revolution a r e  obtained by applying  the  anal- 
ysis  used  for  the  nonlifting body to  the  equivalent  bodies  generated  from  the  streamlines. 
An example of the  bodies of revolution  representing  the  streamlines on a typical  blunt 
body with a flared  afterbody at angle of attack is shown in  figure 2 for  several  values 
of 8. The use of this concept involves two basic  limitations;  first,  that  the  angle of 
attack  remain  small enough for  the  stagnation  point  to  remain on the  spherical  cap;  and 
second,  that  the  angle of attack  remain  small enough for  the  coordinates of the  equivalent 
body for 8 = 90° to remain positive. 
Such a system of approximate  transformations  can only result  in  engineering  esti- 
mates of the  streamline  shape as well as the  pressure  variation  along  the  meridians. An 
examination of these  transformations  (eqs. (4a) and (4b)) does show  that, as the  incidence 
approaches  zero,  the  approximate  streamline  shapes  approach  the body meridian  shapes 
(true  streamline  shapes at a! = OO). This approach should, therefore, be valid for the 
case  where  the body incidence is small. 
The  theoretical  method  described  for  determining  the  surface  pressures of blunt 
' bodies, at incidence has been programed for high-speed digital computation. The com- 
puter  program  provides  the  surface  pressures  and Mach numbers  for  the  desired  merid- 
ian  lines as well as the  integration of these  pressures  to  provide  forces  and  moments.  A 
detailed  description of the  program,  including a listing of the  source  program  and a sam- 
ple  input  and  output, is presented  in  the  appendix. 
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EXPERIMENT 
A test progtam  was  conducted  to  determine the surface-pressure  distributions  on 
two  typical  blunt  bodies of revolution  in the supersonic-speed  range.  This  test  program 
was  designed  to  provide a complete,  consistent  set of pressure  data  on  blunt  bodies by 
which analytical  methods  could  be  evaluated  in  the  Mach  number  range  from M, = 1.50 
to M, = 4.63 and at   angles of attack  from Oo to 12'. 
Models,  Apparatus,  and  Test  Conditions 
The  layout of the  models is shown in  figure 3 and  model  photographs are  presented 
in figure 4 .  Model 1 (fig. 3(a)) consists of a blunted  cone  with  an 11.50° half-angle. 
Model 2 (fig. 3(b)) consists of a blunted  cone with a 2.75O half-angle  and a flare  afterbody 
having  an 18.500 half-angle.  The  models  were  instrumented with two rows of pressure 
orifices  located 180° apart.  Remote  control of model  roll  angle  through 90° was  provided 
so that  complete  pressure  distributions  might  be  obtained. 
Tests  were  conducted  in both the low  and the  high Mach number  test  sections of the 
Langley  Unitary  Plan wind tunnel which is a variable-pressure  continuous-flow  tunnel. 
The  test  sections are 4 feet  square  and 7 feet long. The  nozzles  leading  to  the  test  sec- 
tions are of the  asymmetric  sliding-block  type, which permits a continuous  variation  in 
Mach  number  from 1.47 to 2.86 in  the low Mach number  test  section,  and  from 2.29 to 4.63 
in  the high  Mach number  test  section. 
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No attempt  was  made  to  artificially  induce  boundary-layer  transition.  The dewpoint, 
measured at stagnation  pressure, was maintained  below -3OO F (239O K) to  assure  negli- 




The  accuracy of the  measured  quantities,  based  on  calibration  and  repeatability of 
data, is estimated  to  be  within  the  following  limits: 
cp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.01 
a!, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.10 
M, = 1.50  to 2.96 . . . . . . . . . . . . . . . . . . . . . . . . .  rtO.015 
Mm = 3.95 to 4.63 . . . . . . . . . . . . . . . . . . . . . . . . .  kO.05 
The  model  angle of attack was corrected  in  the  tunnel  to  compensate  for  flow  angularity. 
RESULTS AND DISCUSSION 
Pressure  Distributions 
The  present  method  has  been  developed  to  obtain  the  pressure  distributions  on  blunt 
bodies of revolution  in  the  supersonic-speed  range.  The  method  has  been  applied  to  the 
configurations  described  in  figure 3 (models 1 and 2) for  the  test  conditions  previously 
described. A comparison of the  calculated  and  experimental  pressure  distributions is 
made  to  evaluate the present  method,  and  the  tabulated  experimental  pressure  data  for 
models 1 and 2 are presented  in  tables I to XII. 
Figure  5  presents  the  experimental  and  theoretical  pressure  distributions  on  models 
1 and 2 at six Mach numbers  from  1.50  to 4.63 for a! = Oo. The  experimental  results 
shown in  figure 5(a) for  model 1 indicate three basic  areas of interest: first, the  stagna- 
tion  region (0 < s/Z < 0.10) where  the  pressures  are high  and  the  flow  mostly  subsonic; 
second,  the  overexpansion  area which occurs at the  juncture of the  spherical  cap  and  con- 
ical  afterbody (s/Z = 0.14) (at this  point,  the  pressures  may  expand well below conical 
pressure  for  the  cone  afterbody);  third,  the  region  in which the  pressure  recovers  from 
the  overexpanded  value  to  conical  pressure (s/Z > 0.14). The  comparison of the  present 
theoretical  method with experiment  indicates good agreement  in  the  stagnation  region at 
all Mach numbers  considered.. Figure 5(a) also  indicates  that  the  present  method  agrees 
well with experiment  in  the areas of the  overexpansion  and  recovery  to  conical  pressure, 
except at the low  Mach numbers  where  the  experiment  shows  larger  overexpansion  effects 
and  more  rapid  recovery  to  conical  pressures. 
..\ 
The  results of modified  Newtonian  theory are also shown in figure 5(a). Although 
the Newtonian pressure  distributions are i n  good agreement  with  the  experiment at the 
higher  Mach  numbers,  the  results of figure 5(a) indicate  that Newtonian theory is not 
capable of predicting  any of the  details of the  overexpansion  effects  which  become  quite 
important at the  lower  supersonic Mach numbers. 
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The  experimental  results shown in  figure 5(b) for  model 2 indicate  the  effects of a 
flare afterbody on the  pressure  distributions  for a blunted  cone.  The  data of figure 5(b) 
indicate  that  the  pressure rise associated with the flare  apparently  occurs  downstream of 
the flare juncture at Mm 2 2.96. A  closer  examination of this phenomenon, with the help 
of shadowgraphs,  indicates  that at Mm 2 2.96, the laminar  boundary  layer  separates 
upstream of the flare juncture  to  produce a weak  compression  and  reattachment  occurs 
downstream of the  flare  juncture  to  produce a strong  compression.  Reference  5  indicates 
that,  for  laminar  boundary  layers,  separation would occur  over  the  entire Mach  number 
range of the  present test and,  furthermore,  that  the  length of the  separated  layer would 
increase with decreasing Mach number.  The  experimental  results  shown  in  figure 5(b) do 
not agree with this  trend.  The  pressure  distribution  associated with separation is well 
established  and is characterized by a weak compression  occurring  upstream of the  flare. 
As  previously  mentioned,  such a weak  compression  occurs  in  the  present  data only for  
M m  2 2.96. The  results  for  the  lower Mach numbers would therefore  indicate  attached or 
nearly  attached flow. This  indication is contrary  to  the  anticipated  trend of the  variation 
of incipient  separation with  Mach  number  for a laminar  boundary  layer  and  suggests  the 
possibility  that  the  attached  flow at the  lower  Mach  numbers is associated with a turbulent 
boundary  layer. 
A  comparison of the  present  theoretical  method  with  experiment  for  model 2 
(fig. 5(b)) indicates good agreement  in  the  stagnation  region (0 < s/Z < 0.20) for  the  entire 
range of Mach numbers. In the  region of the  overexpansion  and  recovery  to  conical  pres- 
sure  (0.30 < s/Z < 0.77), the  agreement  ranges  from good to fair as the Mach number 
decreases  from 4.63 to 1.50. Figure 5(b) indicates  that  the  present  theory  accurately 
predicts  the  pressure  rise  due  to  the  flare  afterbody  in  the Mach  number  range  from 1.90 
to 2.96. At Mm = 1.50, the shock wave produced by the flare is not theoretically  attached. 
For  this  condition,  the  present  method  uses  the  embedded Newtonian  theory of reference 4 
which apparently  does not give good results at low Mach numbers.  The  disagreement of 
the  present  method with experiment  at  the high  Mach numbers is due  to  the  condition of 
separated flow  on  the flare as previously  discussed. 
The  pressure  distributions  determined  from  the  modified Newtonian theory  for 
model 2 are  also  included  in  figure  5(b). A s  was the  case for model 1, the  Newtonian 
methods a r e  inadequate  in  the  overexpansion  region,  especially at Mach numbers below 
2.30. Figure 5(b) also  indicates  very  poor  agreement  between  the Newtonian methods and 
the  experimentally  determined  pressures on the  flare at the  lower Mach numbers. 
In order  to  evaluate  the  equivalent-body  concept of the  present  method, radial pres- 
sure  distributions  are shown in  figure 6 for selected  longitudinal  stations on model 2 at 
angles of attack.  The  longitudinal  stations  shown are  located at the  juncture of the  blunt 
nose with the  conical  section (s/Z = 0.33), on  the  conical  section (s/Z = 0.60), and  on  the 
flare (s/2 = 1.00). Although the  prime  assumption of the equivalent-body concept is that 
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no crossflow exists on  the body at  angle of attack, it is of more  importance  to  the  validity 
of the  present  method  that  the  surface  pressure  be  independent of the  crossflow. 
Intuitively, maximum crossflow occurs near the meridian line for 6 = 0'. The 
effect of the  presence of a crossflow  component  on  the  surface  pressure  can  be  evaluated 
by  examining  the  experimental  pressure  variation with  angle of attack  for  the  meridian at 
8 = Oo. For example, at M, = 1.50, figure 6(a) indicates no variation in Cp from 
CY = Oo to 12O at s/Z = 0.33 and 6 = Oo; therefore, no crossflow effect is indicated. 
However, if the variation of Cp with CY is examined for s/Z = 1.00, figure 6(a) indi- 
cates a large  crossflow  effect  on  the flare at CY = 12O. This  effect  reduces  to a negligi- 
ble amount at CY = 40. An examination of the data at 8 = Oo for the other Mach numbers 
shown in  figure  6  indicates  negligible  crossflow  effect at the  longitudinal  stations 
s/Z = 0.33 and s / l =  0.60. The data presented for the flare (s/Z = 1.00), however, show 
that  some  crossflow  effect  exists at the  higher  angles of attack at Mach numbers up  to 
2.96. A comparison of the  theoretical  method with the  data of figure  6  indicates  that  the 
radial  variation of Cp is accurately  predicted  in  the  regions  where  negligible  crossflow 
effect is indicated (that is, above M, = 1.50 for stations at s/Z = 0.33 and s/Z = 0.60, 
and above M, = 2.30 and at small angles of attack for s/Z = 1.00). Figures 6(a) and 
6(b)  indicate  that  the  present  method  does not give good estimates of the  pressures on  the 
flare afterbody of model 2 when the  flare  shock is detached.  The  present  theoretical 
method  indicates  that  this  condition  occurs  for all angles of attack at M, = 1.50  and at 
the  higher  angles of attack as the  Mach  number  increases.  The-  poor  agreement of the 
present  method with experiment  for  these  conditions is caused by the  fact  that  the 
second-order  shock-expansion  method  does not give a solution,  and  the  less  sophisticated 
embedded Newtonian theory must be used. In figure 6(a) at M, = 1.50 and CY = 1 2 O ,  the 
theoretical curve for s/Z = 1.00 exhibits two discontinuities as a result of the need to 
change theories. The curve from 8 = 45O to 90° represents a solution from the second- 
order shock-expansion theory. Equivalent bodies generated for values of 8 below 450 
have  detached  shock  waves  generated by the  flare  afterbody,  and  the  embedded  Newtonian 
theory is used from 6 = 30° to -45O. Below -45O, the equivalent bodies are   ra ther  
blunt;  therefore,  the  theoretical  method  uses only  modified  Newtonian  theory  and  regards 
the  stagnation  region as extending  over  the  entire  equivalent  bodies. An example of the 
relative  shapes of the  equivalent  bodies  for  these  conditions is shown  in  figure  2 at 
CY = 120. Figure  6  indicates  several  other  conditions  where  the  second-order  shock- 
expansion  theory is replaced by the  embedded  Newtonian  theory  to  obtain  the pressures  
on the flare afterbody.  In  general,  the  discontinuities  at  the  higher  Mach  numbers are 
not nearly so large  and  the  agreement with  the  experiment is much  better  than  that  for 
the condition where M, = 1.50. 
The  longitudinal pressure  distributions  are  presented  for  models 1 and  2 at CY = 8O 
in  figures 7(a) and 7(b), respectively.  The  radial  pressure  distributions  presented  in 
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figure 6 indicated relatively smooth variations of the  pressures with 6' from -90' to 90°. 
The  longitudinal  distributions  in  figure 7 are presented  for  only  three  radial  values: -goo, 
00, and 90°. In  general,  the  theoretical  methods  in  figure 7 are shown  to  be  in good 
agreement with experiment  for  both  models at cy = 80. 
Forces  and  Moments 
In  order  to  obtain  experimental  values of the  forebody  forces  and  moments,  the 
surface-pressure  distributions of tables I to X I I  were  integrated  to  provide  the axial 
forces,  normal  forces,  and  pitching  moments  for  models 1 and 2 at all test conditions. 
These  force  and  moment  data are presented  in  figure 8 along  with  the  forces  and  moments 
provided  by  the  present  theoretical  methods  and by modified  Newtonian  methods.  The 
modified  Newtonian  estimates  were  obtained  from  the  program of reference 6 in which 
the  stagnation-pressure  coefficient was provided  by  the  normal  shock  relations  and  the 
true body shape was used  for  the  angle-of-attack  conditions. 
Figure 8(a) indicates  that  the  force  and  moment  coefficients  predicted by the  pres- 
ent  theoretical  method are generally  in good agreement  with  the  experimental  data  for 
model 1. Figure 8(b),  however,  indicates  that  significant  discrepancies  exist  between  the 
theoretical and experimental forces and moments at M, = 1.50 for model 2. Also, fig- 
ure  8(b)  indicates  that  the  theoretical  predictions of the axial force  are  higher  than  the 
experimental  values at the  higher Mach numbers. Both of these  discrepancies  are  due 
to  the f1o.w phenomenon  associated  with  the  flared  afterbody.  At M, = 1.50, the  flare of 
model 2 causes a theoretically  detached  shock  wave,  and, as previously  discussed  for the 
pressure  distributions,  the  present  method  does not  adequately  evaluate  this  condition. 
At the  higher  Mach  numbers,  flow  separation  induced  by  the flare causes  lower  pressures 
on  the flare and  consequently a reduction  in axial force, a condition  which  the  present 
theory  does  not  consider.  The  comparison of theory  and  experiment  in  figure  8  indicates 
that  the  present  methods give adequate  engineering  estimates of the  forces  and  moments 
on blunt  bodies of revolution  at  small  angles of attack  except  where  large  areas of flow 
separation exist or  detached  secondary  shock  waves  are  present. 
The  comparison of the  present  method with the  modified  Newtonian  theory, as shown 
in  figure  8,  indicates  that  the  accuracy with which the  present  method  predicts axial force 
is not significantly  better  than  that  for  modified  Newtonian  theory.  The  apparent  overall 
accuracy of the Newtonian force  and  moment  predictions is difficult  to  reconcile  because 
of the large  errors  indicated  in the Newtonian estimates  for  the  surface-pressure distri- 
butions (fig. 5) and is consequently  felt  to  be  somewhat  fortuitous. 
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CONCLUDING REMARKS 
Existing  theoretical  techniques  have  been  modified  and  combined  to  provide a 
method  for  computing  surface-pressure  distributions on blunt  bodies  with  spherical  nose 
caps  and  arbitrary  afterbody  shapes at small  angles of attack.  The  method  consists 
basically of modified  Newtonian  theory  in  the  stagnation  region  with  second-order  shock- 
expansion  theory  used when the  surface  flow  becomes  supersonic.  The  second-order 
shock-expansion  theory is most  conveniently  applied  to  rotationally  symmetric  bodies; 
therefore,  to  use  this  theory at small  angles of attack,  the body meridian  lines are used 
to  generate  equivalent  bodies of revolution  from which the  meridian  pressure  distribu- 
tions are obtained. 
A  complete,  consistent set of experimental  surface-pressure  data is presented  for 
two typical  blunt  reentry  configurations  to  permit  evaluation of the  present  theoretical 
methods.  The  test  conditions  provide  surface-pressure  distributions  for six Mach num- 
bers  from 1.50  to  4.63  and  four  angles of attack  from Oo to 12O for  each  model.  A  com- 
parison of the  present  theoretical  method with these  experimental  data  indicates  that  this 
method  gives  adequate  engineering  estimates of the  surface  pressures  on  blunt  bodies at 
moderate  angles of attack  except  where  flow  separation or  detached  secondary  shock 
waves are  present.  
The  experimental  pressures  were  integrated  to  give  forces  and  moments  for  the 
angle-of-attack  range,  and a comparison of the  present  theoretical  method  and  modified 
Newtonian  theory was  made.  In  general,  the  present  method  did  not  show  significantly 
better  agreement with the  experimental axial force  than  did  the  Newtonian  theory. How- 
ever,  in  the  lower Mach number  range,  the  present  method  generally  showed  improved 
agreement with  the  experimental  normal  force. A s  was the  case with the  surface  pres- 
sures,  the  present  method  gave  adequate  engineering  estimates of the  forces  and  moments 
except  where  large  areas of flow  separation or detached  secondary  shock  waves  occurred. 
The  present  theoretical  method  has  been  programed  for  high-speed digital com- 
puting.  The  resulting  program  provided a tool which can  be  used with a minimum of 
effort  to  provide  theoretical  estimates of surface  pressures  and  forces  for  blunt  bodies 
of revolution with arbitrary  afterbody  shapes  such as flares  and  boattails.  The  demon- 
strated  agreement with experiment  for  blunted  cones with and  without flares  suggests a 
wide a rea  of application  for  determining  the  aerodynamic  characteristics of reentry and 
missile  configurations  in  the  supersonic-speed  range. 
Langley  Research  Center, 
National  Aeronautics  and  Space  Administration, 





COMPUTER PROGRAM TO  DETERMINE  PRESSURE DISTRIBUTIONS 
AND FORCES ON BLUNT  BODIES OF REVOLUTION 
The  process  described  in the text for  obtaining  the  surface  pressures  along  merid- 
ian  lines of blunt  bodies of revolution  has  been  programed  for  high-speed  digital  compu- 
tation.  The  computer  program  has  been  written  to  include  the  integration of the  surface 
pressures  in  order  to  obtain  the  axial-force,  normal-force,  and  pitching-moment  coeffi- 
cients.  The  purpose of this  appendix is to  provide a description of the necessary  input 
and  available  output as well as a FORTRAN listing of the  source  program with an  example 
input case  and  the  resulting  output  listing. 
DESCRIPTION OF PROGRAM 
The  program  reads  in  the body geometry  in  terms of a spherical  nose-cap  radius 
and  x,y  coordinates  starting  at  the point of tangency  to  the  nose  cap.  The  program  then 
generates  for  the  desired  radial  angles 0 the equivalent bodies which represent  the 
shape of the  meridian  lines of the body at the  input  angle of attack.  The  program  repre- 
sents  the  longitudinal  shape of these  bodies by straight-line  elements  between  the  trans- 
formed  input  coordinates.  The  spherical  cap  from  the  stagnation  point  to  the  tangency 
point is represented by 20 straight-line  segments.  After  the  equivalent  bodies  are 
obtained,  the  pressure  distributions  are  computed  and  integrated  along  the  respective 
meridian  lines of the  input body to  obtain  the  forces  and  moments. By selecting  output 
options,  the  pressure  and Mach  number  variations  for  each  meridian  line  can  be  obtained 
with the  forces  and  moments  or  just  the  forces  and  moments  can  be  output. 
PROGRAM LISTING 
The FORTRAN listing of the  source  program  used at the NASA Langley  Research 







.36 S ( I ) = S Q R T ( ( X A ( I ) - X A ( I + l ~ ~ * * 2 + ~ Y A ( I ~ - Y A ~ ~ + l ~ ~ ~ 2 ~ + S ~ I - l ~  
PANS 4 1) =PTO P 
C P ( l ) = ( P A N S ( l ) - l .  8/ f o7*AM**21  
M A N S (  1)=0* 
S O L ( l ) = S ( L I l X l I N )  
D E L ( L ) = A T A N ( Y C ( ~ ) / X ~ ( ~ )  I 
IF( IPRINToEQ.0:)  W R I T E ( 6 ~ ~ l ) X A ( l ~ r P A N S ( l ~ ~ A M A N S ( l ) t C P ~ l ~ v Y A ~ l ~ ~  
l S 0 L  (1) 




D E L Z = D E L A / 5 7 , 2 9 5 7 7 9  
' X X A N S ( J t L L ) = X A ( l )  
C C P l   J v L L l = C P ( l )  
IF (YA(1 )oLToO.oANDoKODE.EQ.O. )  X X A N S ( J v L L ) = - A B S ( X A ( l ) )  
D O .  200 I=2 9 J 
D E L ~ I ) ~ A T A N ~ ~ Y C ~ L ~ - Y C ~ I - l ~ ~ / ~ X C ~ I ~ - X C ~ I - l ~ ~ ~  
IF (AMA.LT.1  . 1 GO TO 260 
K E Y = 1  
DELTA=DEL(  I 1 
GO T O  5 0 0  
I F ( D E L ( I ) - G T . D E L Z )  GO TO 260 
I F (  D E L (  I 1  LT.0. 1 G O  TO 501 
C A L L   B I L U P l   O E L T A T ~ H T A B T   P C T p P G T r   1 3 r 8 r D E L T A t A M p P C I I  1 )  
501 PC( I )=lo 
500  A N U A = 2 . 4 4 9 5 * A T A N ( . 4 0 8 2 5 * S a R i O  J-ATAN(SQRT(AMA**2-1,))  
ANUB=ANUA+DEL ( 1-1 ) -DEL ( I ) 
IF(ANUB.GE.ANUA) GO TO 1000 
r 
L 
C C A L C U L A T I O N   F d R  C O M P R E S S I O N   A D  SHOCK FORMATION 
C 
A D E L T A = D E L (   I ) - D E L ( I - l )  
ANG=ADELTA - 
A (  1 ) = l o 0  
A ( 2 ) = - ( A M A * * 2 + 2 . ) / A M A * * Z - l * 4 * S I N ( A N G ) * * 2  
A ( 3 ) = ( 2 . * A H A * * 2 + 1 . ) / A M A * * 4 + ( 2 . 4 * * 2 / 4 o + o 4 / A ~ A ~ ~ 2 ) * S I N ( A N G ) * * Z  
A ( 4 ) = - C O S ( A N G ) * * 2 / A M A * * 4  
ARl=REAL(ROUT ( 1) 1 
A I   l = A I M A G (  ROOT (1 1 1  
AR2=REAL  (ROOT ( 2 1 1 
A I 2 = A I M A G (  ROOT ( 2 )  1 
C A L L  F A L G ( A T ~ ~ ~ ~ R O O T ~ T E M P , ~ E R R )  
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ARS=REAL  (ROOT ( 3  1 1 
AI3=AIMAG(   ROOT (3 1 1 
iF( I E R R )  9 4 ~ 9 5 ~ 9 4  
94 W R I T E ( 6 9 9 6 )  ROOT 
96 F O R M A T ( l 5 H  ERROR I N  F A L G / 2 X v 6 € 1 7 0 8 )  
GO TO 260 
C 
C TEST TO F I N D   I M A G I N A R Y   O O T S  
C 
95 I F r A $ S ( A I l )  . L T o . 0 0 0 0 1 . A N D . A 8 S ~ A I 2 ) , L T . . 0 0 0 0 1 . A N D , A B S ~ A I 3 ~ ~ L T ~  









W R I T E ( ~ ~ ~ ~ ) A ( ~ ) ~ A ( ~ ) T A ( ~ ) T R O O T  
F O R M A T ( 1 7 H   I M A G I N A R Y   O O T S , 3 E 1 7 . 8 / 6 € 1 7 . 8 )  
GO TO 260 
CHECK FOR M I D D L E  ROOT 
B I G = A M A X l ( A R l r A R 2 r A R 3 )  
S M A L L = A M I N l ( A R l . A R 2 r A R 3 )  
DO 99 L = l ~ 3  
I F ( K E A L ( R O O T ( L ) ) . L T o B I G . A N D , R E A L ( R O O T ( L ) ) ~ G T ~ S M A L L )  GO T O  9 1  
C O N T I N U E  
W R I T E ( 6 r 9 2 ) R O O T  
fORIUIAT(17H TWO  ECtUAL R O O T S / ~ X T ~ E ~ ~ O ~ )  
GO T O  260 
M I D D L E = S Q K T   ( R E A L ( R O O T ( L 1 )  1 
S I G M A = A S I N (  MIDDLE) 
S I N S Q = S I N ( S   I G M A ) * * 2  
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3 S I N ( S I G M A - D E L ( J ) ) )  
D P D S = X Y / ( ~ . + T A N ( A ~ B ) / T A N ( S I G H A - D E L ( L ) I )  
E T A = D P D S * I X C ( I ~ - X C ( I - l ) ) / ( ~ P C ( I ) - P B ) * C O S ( D E L ( i ~ ) )  
I F (  E T A ) 3 0 0 r 2 7 0 ~ 2 7 0  
300 PANS ( I )=PB 
AMANSGI:)=AHB 
X A N S ( I ) = ( X A ( I ) * X A ( I + 1 ) ) / 2 .  
D P D S A = ( P C ( I   ) - P A N S ( I ' ) ) / ( S ( J ) - S ( I ) )  
AHA=AMANS ( I 1 
PA=PANS ( I) 
GO TO 280 
K= 1 
AMB=AMA 
2 10 AMB=AMB+DEL M 
I F (  I P R I N T - E Q - 0 . 1  W R I T E ( 6 . 4 )  
1000 DELH=.Ol 
ANU=2*4495*ATAN(  o40825*SQRT(AHB**2-1o  ))-ATAN(SQRTtAHB*+2-1- 1 )  
I F ( A N U - A N U B ) 2 1 0 r 2 1 O r 2 2 0  
220 AM8-AMB-DEL M 
230 DELM=.001 
K= 2 
GO TO 210 
K=3 
GO TO 2 1 0  
K = 4  
GO T O  2 1 0  
GO TO ( 2 3 O r 2 4 0 r 2 4 5 p 2 5 0 )  rK 
240 DELM=*0001  
245 DELM=.00001 
250. PB=PA*( ( l . + A N A * ~ 2 / 5 o ) / ( l . + A M B * * 2 / 5 , )  ) * * 3 - 5  
2 5 4  B A = 1 . 4 * P A ~ A M A * * 2 / ( 2 . * ( A M A * * 2 - 1 . )  1 
A O A S T A = ( 1 1 2 5 . / 2 1 6 . ) / A M A ) * ( 1 . + A M A * * 2 / 5 . ) * ~ 3  
B B = 1 * 4 * P B * A M B ~ * 2 / ( 2 . * ( A M B * * Z - l . ~ )  
A O A S T B = ( ( 1 2 5 . / 2 1 6 . ) / A M B ) ~ ( l - + A M B * * 2 / 5 o ) * * 3  
D P D S = t B B / Y C ( I - 1 ) ) ~ ( A O A S T A / A O A S T B * S I N ~ D E L ~ I ~ l ~ ~ ~ S I N ~ D E L ~ I ~ ~ ~  
l + B B / B A * A O A S T A / A O A S T B ~ D P D S A  
2 5 5  E T A = D P D S * ( X C ( I ) - X C (  1-11 ) / ( ( P C ( I ) - P B ) * C O S ( D E C ( I ) ) ) )  
271 ETA=2  .*ETANS 
G O T 0  270 
IF(KEY.EP.OJGOT0261 
I F ( E T A ) 3 0 0 ~ 2 7 1 r 2 7 0  
2 6 0  I F (  I P R I N T - E P . 0 )  W R I T E ( 6 r 5 )  






222 X T A B T (  J J V L L ) = X T A B ( J J )  
DO 4 5  J J = T  9 100 
J=,N+20 
3 C O N T I N U E  
J=W 19 
KK= 1 
DO 610 K J Z 1 r . J  
i F L Y A ( K J ) . E Q . Y A ( K J + l ) )  GO TO 610 
KK=  KK+ 1 
Y A (   K K ) = Y A (   K J + l J  
X A (  K K ) = X A (   K J + 1 )  




J=K K- 1 
DO 6000 K K l = l r . J  
45 CALL F T L U P ( X T A B Z ( J J I * R Z ( J J ) ~ + l r J r X A ~ Y A J  
IF(YA(KKl+l)oGToYA(KKl)) GO TO 6000 
K S T O P l = K K l  
DO 6001 K K 2 Z K K l r  J 
I F (  YA(  KK2+1)  ,LJ .YA(  KK2)  1 GO T O  6001 
KSTOPZ=KKZ 
I F (  Y A ( K K 3 + 1 )  .GT.YA( K K 3 )  ) GO TO 6002 
KSTOP3=KK3 
KSTOP3= J+ l  
GO TO 6003 
KSTOP2= J + l  
GO T O  6 0 0 3  
KSTOP 1= J+l 
DO 6002 K K 3 = K K 2 r J  
6002 C O N T I N U E  
6001 C O N T I N U E  
6000 C O N T I N U E  
6003 C A L L  FORCES 
1004 F O R M A T ( / / / l X l O A 6 / / / )  
I F (  I P R I N T . N E . 0 )   W R I T E ( 6 r 1 0 0 4 1  WHAT 
IF( I P R I N T o N E o O )   W R I T E ( 6 r 1 0 0 5 )  AMIALPHICA*CNICH 
1005 F O R M A T ( ~ ~ X Z H M = F ~ ~ ~ ~ ~ X ~ H A L P H A = F ~ . ~ ~ ~ X ~ H C A = F ~ ~ ~ ~ ~ X ~ H C N = F ~ O ~ ~  
17X3HCM=F8.5 1 
I F (  I P R I N T - E Q . 0 )  W R I T E ( 6 r 1 0 0 3 ) C A t C N r C M  
1003 F O R M A T ( ~ O X ~ H C A = F ~ ~ ~ ~ ~ X ~ H C N = F ~ O ~ ~ ~ X ~ H C M = F ~ - ~ / / )  
GO T O  1 
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4 FORMAT( 1X19HlST ORDER SHOCK-EXP 1 
5 FURMAT( lX9HNEWTONIANl 
6 F U R H A T ( / / 3 2 X l 4 H I N P U T  D A T A / / / , ~ ~ X ~ H H = F ~ ~ ~ T ~ X ~ H A L P H A = F ~ . ~ ~  
13X6HTHETA=F8o2/ / )  
12 fURMAT(27X19HSTARTING CONE - M=F8.5,4XbHTHETA=F8-3///) 
7 FORMAT(24XlHX,  14XlHYg 14X5HDELTA/ / )  
8 FORMAT I20XF 8 0  4 9 7XF8 497XF  8 .4 )  
LO F O R M A T ( / / / / ~ ~ X ~ H O U T P U T / / / ~ ~ ~ X ~ H X , ~ X ~ H P / P O ~ ~ X ~ H M ~ ~ O X ~ H ~ P T ~ O X ~ H Y ~  
1 1 0 X 3 H S / L )  






IF( KKoEQ-(NTHET+l) )KK=KK-l  
IF( ( K K - l ) . L T . l J  GO TO 6 
GO TO 4 
AXT( 1 )=O. 
6 CA=SUMCA/57.2958 




8 A=THETA I K), 
&THETA ( K- 1 1 
S U M  l = S U M l +  ANSCN 
I F ( T H E T A ( K - l ) . E P . 9 0 . )  GO TO 7 
K=K- 1 
GO TO 8 
A=O . 
B = X l ( N )  
CALL .MGAUSSIA,BIL~ANSCNTFUNCNIFOFCN~F~~C~~~ J 
7 AXT(L)=SUMl  
CALL M G A U S S ( A T B ~ ~ O ~ C N C H T F U C N C M ~ F O C N C M , ~ )  
C N = 2 - * C N C H ( l ) / . ( S S * 5 7 . 2 9 5 8 )  





SUBROUTINE FUNA(RT9 FOFR) 
DIMENSION T H E T P L ( 1 0 ) ~ X T A B T ( 5 0 ~ 1 O ~ t D E L C P T ~ 5 O t l O ~ ~ X T A B ~ 5 0 ~ ~  
l R 1 (   5 0 t l O ) r C P l (   5 0 , - 1 0 )   p C P 2 ( 5 0 r 1 0 )   s T H E T A ( 2 0 )   r A N S C A ( 2 0 )  9 
2 A X T ( 5 0 ~ ~ Y A ~ 2 0 0 ~ ~ X A ~ 2 O O ~ ~ X X A N S ~ 2 O O ~ 2 O l ~ C C P ~ Z O O ~ 2 O ~ ~ F O F R ~ 2 ~  
3 t X 1 ( 2 0 0 )   r R 2 ( 1 0 0 )  
COMMON/BLK/NTHET*THETAt  ANSCAtTHETPL,DELCPTvRl  rXXt  XTABtAXTr 
l X T A B T , S S , L E N G T H , J , Y A I C C P t X A N S I N l f I , X l , C A t C N , C M , K S T O P 3 t  
2KSTOP2 9KSTO P 1  s KKODE 9 R2 
GO T 0 ( 6 0 0 9 ~ 6 0 0 5 ~ 6 0 0 4 ~ r K K O D E  
6009 CALL FTLUP(RT,XTT,+l ,KSTOPlrYAIXA) 
GO TO 6006 
6005 KSTOP=KSTOPZ-KSTOPl+l 
CALL F T L U P ( R T ~ X T T ~ - l t K S T O P I Y A o , X A ( K S 7 O P l ~ t X A ~ K S ~ O P l ~ ~  
GO TO 6006 
6004 KSTOP=KSTOP3-KSTOP2+1 
6006 J=2*(   N+19) -  1 
CALL FTLUP(RTpXTT*+l~KSTOPIYAO,XA(KSTOP2)~XA(KSTOP2)) 
CALL F T L U P ( X T T ~ C P T t + l t J ~ X X A N S ( 1 , I I ) r C C P ( 1 1 I I ) ~  
CALL F T L U P ~ ~ X T T ~ C P T H ~ + l t J I X X A N S o r C C P ( Z I I ~ t C C P ~ l ~ I i ~ ~  






S U B R O U T I N E   F U N C ( T H E 2 r F O F O )  
D I M E N S I O N  T H E T P L ( ~ ~ ) ~ X T A B T ( ~ ~ ~ ~ O ~ ~ D E L C P T ~ ~ O ~ ~ O ~ ~ X T A B ~ ~ O ~ I  
1 R 1 ~ 5 0 ~ 1 0 ~ ~ C P 1 ~ 5 0 ~ 1 0 ~ r C P 2 1 5 0 r 1 0 ) r T H E T A ~ 2 O ~ ~ A N S C A ~ 2 0 ~ ~  
2 A X T ( 5 0 ) ~ Y A [ 2 0 0 ~ ) ~ X A ( 2 0 0 ~ ~ X X A N S ( 2 0 0 ~ 2 0 ~ ~ C C P ~ 2 0 0 ~ ~ 0 ~ ~ X 1 ~ ~ 0 0 ~  
3 p H 2  ( 100) 
C O M ~ O N / B L K / N T H E T ~ T H E T A ~ A N S C A , T H E T P L ~ D E L C P T ~ R l v X X ~ X T A B ~ A X T r  
l X T A B T , S S r L E N G T H r   J * Y A I C C P ~ X A I X X A N S , N * I   I r X l r C A r C N r C H r K S T O P 3 t  
2 K S T O P 2 r K S T O P l r K K O D E r R Z  
N N = 2 * f j T H E T  
E O F O = C P R R  
R E T U R N  
E N  0 
C A L L  F T L U P ( T H E ~ ~ C P R R I - ~ ~ N N ~ T H E T A ~ A N S C A )  
S U B R O U T I N E  F U C N C M ( D X r  F O C N G M  1 
D I M E N S I O N  T H E T P L i  10) r X T A B T ( 5 0 r l O ) ~ ~ D E L C P T ( 5 0 ~ 1 0 ~  r X T A B ( 5 O ) r  
~ R ~ ( ~ ~ ~ ~ ~ ) ~ C P ~ ( ~ ~ ~ ~ ~ ) ~ C P Z ~ ~ O ~ ~ O ~ I T H E T A ~ ~ O ~ I A N S C A ~ Z O ~  I 
Z A X T ( 5 0 ) ~ Y A ( 2 0 0 ~ ~ X A ~ 2 0 0 ) r X X A N S ~ 2 0 0 ~ 2 O ~ ~ C C P ~ Z O O ~ Z O ~ ~ F O C N C ~ ~ Z ~ ~  
3RZl 100) r X l (  200) 
C O N M O N / B L K / N T H E T ~ T H E T A I   A N S C A v T H E T P l r D E L C P T I R 1   r X X s X T A B r A X T w  
~ X T A ~ T ~ S S ~ L E N G T H ~ J ~ Y A , C C P ~ X A ~ X X A N S I N I I I I X ~ ~ C A I C N T C ~ ~ K S T O P ~ I  
2 K S T O P 2  I KSTO P i  I K K O D E  I R 2  
C A L L   F T L U P (   D X I A X X v l   r 5 0 r X T A B r A X T )  
F O C N C M (  1 ) = A X X  
F O C N C M ( Z j = A X X * D X  
R E T U R N  
E N D  
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SUBROUTINE B I L U P ~ T A B I ~ T A B J ~ T A B I J ~ T A C I J ~ N I ~ N J ~ V A A I ~ ~ V A L J ~ B V A L l ~  
1 C V A L l I  
C  A TWO DIMENSIONAL  TABLE  LOOK-UP  FOR TWO VARIABLES,  
C I N P U T   T A B L E S   A R E  - T A B I J ( 1 . J )   A N D   T A G I J ( I w J 1  AS  FUNCTIONS  OF 
C I A B I (  I) AND T A B J (  J) . T H E   T U 0   D E P E N D E N T   V A R I A B L E S   A R E   L I N E A R L Y  
C INTERPOLATED SIMULTANEOUSLY FOR INPUT VALUES OF VAAI AND VALJ 
C R E S U L T I N G  I N  ANSWERS B V A L l   A N D   C V A A l -  
C  ERROR S IGNALS  ARE  GENERATED WHEN T H E   T A B J ( J )   T A B L E   I S   X T R A P O L A T E D .  
D I M E N S I O N  T A B J 1 1 0 ~ r T A B I ~ 5 0 r 1 0 l ~ T A B I J ~ 5 O ~ l O ~ ~ T A C I J ~ 5 O ~ l 0 ~ ~ T B I S L ~ 2 l ~  
l T B I J 1 ( 2 ) r T C I J 1 ( 2 )  
T B J S L = O - O  
KK= 2 
I F ( T A B J ( l ) o L T o , T A B J ( 2 1 )  GO TO 1 
DO 10 J = l , N J  
I F ( V A L J - T A B J ( J j 1  1 0 ~ 9 - 1 1  
9 T B J S L = l o O  
GO TO 300 
10 C O N T I N U E  
I F (  J - E P - N J I  Y R I T E ( 6 r 1 0 0 )  
100 F O R M A T ( / 2 0 X 2 0 H H I G H  J E X T R A P O l A T I O N )  
11. I F ( J . G T . 1 )  GO #TO 300 
W R I T E ( 6 r l O l )  
101  F O R M A T ( / 2 0 X 1 9 H L M J  J E X T R A P O L A T I O N )  
J= 2 
GO TO 300 
1 DO 2 J= l ,NJ ,  
I F ( V A L J - T A B J ( J ) ) ~ T ~ ~ ~  
4 TBJSL=1.0 
GO TO 300 
2 C O N T I N U E  
3 I F ( J . G T . 1 )  GO TO 300 
I F ( J - E Q . N J )   W R I T E ( 6 r l O O )  
Y R I T E ( 6 r l O l )  
J=2 
300 I F (  T A B I (  1 rJ  1 . G T - T A B I  (2, J) 1 GO T O  5 
I F ( V A L I . L T . T A B L ( l r J ) )  GO TO 2 1  
I F I V A L I . G T . T A B I ( N I T  J) 1 GO T O  24 
DO 20 I = l r N I  
I F ( - V A L I - T A B I (  I T J )  1 2 2 r 2 8 r 2 0  
20 C O N T I N U E  
2 1  1=2 
GO TO 22 
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24 I = N I  
GO T O  2 2  
5 I F ( V A L I o G T . T A B I ( 1 s J ) )  GO T O  6 
I F ( V A L I - L T . T A B I ( N I T J ) )  GO TO 7 
DO 8 I = l p N I  
I F ( V A L I - T A B I ( I r J ) I  8 ~ 2 8 ~ 2 2  
8 C O N T I N U E  
6 I=2 
GO TO 2 2  
7 I=NI 
G O  T O '  2 2  
28  T B I S L ( K K ) = O , O  
T B I  J ~ ( K K ) = T A B I  J ( I T J )  
T C I  J1 ( K K ) = T A C I  J( I r J 1 ' 
GO T O  2 9  
22 T B I S ~ ( K K ) = ( V A L I - T A B I ( I - ~ T J ) ) / ( T A B I ( I I J ) - T A B I ( I - ~ T J ) )  
T ~ I J ~ ~ ~ K K ~ ~ T ~ I S L ~ K K ~ ~ ~ T A B I J ~ I ~ J ~ ~ T A B I J ~ I ~ ~ T J ~ ~ + T A ~ I J ~ I ~ ~ ~ J ~  
T C I J 1 ( K K ) = T B I S L ~ K K ) ~ ~ T A C I J ~ I r J ~ ~ T A C I J ~ I - l ~ J ~  ) + T A C I J ( I - T J )  
29 I F i T B J S L - E Q . 0 - 0 )  GO T O  26 
B V A L l = T B I J l ( K K )  
C V A L l = T C I J l   ( K K I  
GO TO 2 5  
K K = K K -  1 
J= J- 1 
GO T O  300 
23 J=J+1 
T B J S L = ( V A L J - T A B J t  J-1) ) / ( T A B J (   J ) - T A B J (  J-1) 1 
B V A L 1 = T B J S L * ( T B I J 1 ( 2 ) - T B I J l ( l ) ) + T B I J L ( 1 )  
C V A L 1 = T 6 J S L * ~ T C I J 1 ( 2 ) - T C I J l ~ l ~ ~ + T C f J 1 ( 1 ~  
25  R E T U R N  
END 
26 IF( K K . E Q . 1 )  GO T O  2 3  
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DESCRIPTION OF INPUT DATA 
A single  case  consists of the  determination of the  surface  pressures  along a speci- 
fied  number of meridian  lines  running  from the stagnation  point  to  the  base of the  model. 
It is necessary  to  input,  in  addition  to  the body geometry, a table of cone  surface  pres- 
sures   for  a range of Mach numbers  and  cone  half-angles, as well as the  flow  conditions, 
and  angle of attack.  For  the  loading  routine  used  in the program,  any  column  except  the 
first may  be  used  on  the  input  cards  unless  otherwise  specified,  and a decimal  format is 
used  for  the  input  quantities  unless a fixed-point  number is specified. A description of 
the  required  inputs  along with the  name  used by the  source  program is given as follows: 





















Identification  card;  any  identifying  information  may  be. 
written  on  this  card  and will appear  at  start of out- 
put for  each  case  (columns 1 to 72) 
Arbitrary  name  required by loading  routine  to  define 
block of input  data  (columns 2 to 5) 
Mach number  array  for  cone  surface-pressure  tables 
Cone half-angle array  for cone surface-pressure 
tables, radians 
Cone surface-pressure array,’ pc/p, 
Angle of attack,  degrees 
Number of meridian lines to be considered in one , 
quadrant (fixed-point number)  10  points  maximum 
Array of radial angles defining meridian  lines  in  one 
quadrant,  degrees 
Print control, IPFUNT = 0 output pressure and Mach 
number  distributions  for  each  meridian  line  and 
force data, IPRINT = 1 output only force data 
(fixed-point number) 
Radius of spherical  nose  cap of body, model  units 
Number of body coordinates  specified  (fixed-point 
number) 100 points  maximum 
x-coordinate  array,  model  units 
y-coordinate  array,  model  units 
Reference  area,  model  units  squared 
Reference  length,  model uni t s  
Free-stream Mach number 
Angle of body surface  defining  point  at which modified 
Newtonian theory is matched to second-order  shock- 
expansion  theory,  degrees 
Denotes  end of case (column 2) . /  
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The  system  loading  subroutine  used  in  the  program (NAMELIST) is quite  flexible 
in  that  the  order of the  input  cards is unimportant  and  successive  cases  can  be  run by 
repeating  the  identification  and $NUM cards followed by only  the  changed  parameters  and 
a $ card. As an example of a set of input  cards,  the  following is a listing of the  inputs 
necessary  to  compute  the  surface  pressures  on  model 2 at a Mach  number of 2.30 and at 
an angle of attack of 4 O  with another  case at an  angle of attack of 8O: 
SS.38.5, 
r,lTIIET=5, 
I I  =71. 
LEIiGTI!=ll.L, 
TI IFTPL(1)=qf l . , f i7 .5 ,h5. ,22.5,~. ,5* f l . ,  
30 
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The  input  cone  surface  pressures  and  their  independent  arrays (input numbers 3, 4, 
and 5) were  obtained  from  reference 7, and  need not be  changed  from  case to case unless 
better  coverage is desired.  The  present  coverage  includes  cone  half-angles  from Oo to 
30° by 2.5O intervals  and Mach numbers  from  1.50  to 5.00  by increments of 0.50. 
DESCRIPTION OF OUTPUT 
One of the first operations  performed by  the  program is to  transform  for  each 
radial angle  the body geometry  into  the  equivalent body coordinates  in  the  wind-axis 
system  and  to  compute  local  inclination  to  the  free-stream  velocity  vector.  For  con- 
venience,  the  items are listed  under FINPUT DATA" on  the  output  printing  along  with  the 
free-stream Mach number,  angle of attack  in  degrees,  and  radial  angle  in  degrees. 
Listed  under "OUTPUT" are the  calculated Mach numbers  and  pressure  coefficients  for 
the  midpoints of the  elements of the  equivalent body along  with  the  body-axis  coordinates 
of these  points.  The  notation "NEWTONIAN" o r  "1ST ORDER SHOCK-EXP" indicates  the 
theory  used by the  program  to  obtain  the  conditions  on  the  next  element. 
After  the  program  has  cycled  through  the  complete  range of radial angles  for  the 
f i rs t  and  fourth  quadrants,  the  force  and  moment  coefficients  are  listed  and a case is 
complete.  A  listing of only  the  force  and  moment  coefficients  can  be  obtained  for  each 
case by setting IPRINT = 1 on the input cards. An output Listing is presented  for  the 
example  input  cases of the  previous  section  where  the  surface  pressures  and  forces are 
presented  for  the  first  case  and  the  forces  only are presented  for  the  second. 
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1ST  EXAHPLE  CASE ++* HODEL 2 - PRESSURE AND FORCE DATA 
INPUT DATA 
























































































































































NEWTON I AN 

















































































-08  14 
.13 58 
.1904 






























































.0289 -. 0268 -. 0732 -. 1118 -. 1247 -. 1149 
-. 0935 -. 1037 




































































































































-0749  . 1497 
.2983 
-2242 





-72  7.5 
.7953 
. 9266 -8617 























































































































































































































































-.0251 -. 0447 
-. 0229 -. 0342 
-. 0053 "0134 
.0002 


































































































-102  6 
- 1 3 3 6  




- 2 9 5 9  
- 4 5 5 0  



























- 1 7 3 7  
.0870 
.2601 
- 3 4 5 8  
.5 146 
.4307 
- 5 9 7 3  

































































" 9 4 3 2  
" 9 4 3 2  
-.9433 
-.9432 

















NEWTON I A N  







NEWTON I AN 
NEWTONIAN 
NEWTON I AN 
NEWTON I AN 
NEWTONIAN 






















































































































































-. 0235 -. 0704 -. 1094 -. 1225 -. 1127 
"0914 
-. 1015 
























































































U= 2.30 ALPHA= 
X 
- 0 0 1 6  
,0064 
.0254 
- 0 1  43 
.0396 
.0570 
-07 7 4  
- 1 0 0 8  
- 1 2 7 3  
- 1 5 6 7  
.1890 
-262   1  
- 2 2 4 2  
.346 1 
.3919 
- 4 9 1 0  
.440  3 
.544 1 
.5993 

















. a97 o 




- 0 7 5 4  
.I506 
- 2 2  56 
.3002 




- 6 6 2 4  
.731a . aooo 
















































































NEUTON I AN 
NEWTONI AN 
NEUTONI AN 
NEWTON I AN 
NEW  TON I AN 
NEYTONIAN 
NEYTONI AN 








































NEWTON I AN 
NEYTONI AN 










































1ST ORDER SHOCK-EXP 














































































.0258 -. 0283 
-. 0373 -. 0477 
"0166 
-.0261 

























































































I NP UT DATA 















































































































1 - 0374 -. 0762 
“0762 -. 0763 
“0762 






















NEWTON I AN 
NEWTONI AN 
NEWTON I AN 
NEWTON I AN 
NEWTON I AN 
NEWTONIAN 




















.46  89 























































1 S T  ORDER SHOCK-EXP 
7.8000  1.75899 
8.5000 1.75995 
9.5000 






































































-. 0140 .0439 -. 0624 -. 1027 -. 1163 -. 1064 -. 0953 -. 0853 









































































-2472 8 1 
-265728 
-301884 











4 1  
H= 2.30 
X 
. 001 6 
.006  6 
.0148 










































































































































NEWTON I AN 
NEWTON I AN 




. 00 22 
.0120 
.0223 




















NEWTON I AN 

































































































2.0510  - 375
2.1049 -. 0563 
2.0748 "0460 
2.0440 -. 0350 
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INPUT DATA 
































































































































NEWTON I AN 
NEWTON I AN 
NEWTON I AN 
NEWTONIAN 




NEWTON I AN 
NEWTONI AN 
.0006 


























NEWTON I AN 
NEYTONI AN 
NEWTONIAN 
NEUTON I AN 
































































10.6000  1.86578 
1.86314 
1ST ORDER SHOCK-EXP 
0.0000 
U 




































































.0086 -. 0434 -. 0868 -. 1018 
-.0918 -. 0808 


























































































n= 2.30 ALPHA= 4.00 THETA= -22.50 




































































































































































NEWTON I AN 
NEYTON I AN 
NEWTONI AN 




NEWTON I AN 
NEWTON I AN 
NEYTONIAN 
NEWTON I AN 
NEWTON I AN 
NEWTON I AN 
NEWTONIAN 
NEWTON I AN 
NEWTON I AN 
NEWTONI AN 
NEWTONI AN 
NEWTON I AN 






















































































































-. 0659 "0762 -. 0546 






















































































.49 a4 84 
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1 NPUT  DATA
M= 2.30 ALPHA= 4.00 THETA= 0.00 

































































































































NEWTON I AN 
NEWTONIAN 
NEWTONIAN 




NEWTON I AN 
NEWTON I AN 
NEWTONI AN 
NEWTONI AN 
NEWTON I AN 
NEWTONIAN 
NEWTONIAN 
NEWTON I AN 
NEWTONIAN 
NEW  TON I AN 















.37  39 










































































































































-. 0274 -. 0733 -. 0892 -. 0791 
-. 0584 -. 0680 

























































































n= 2.30 ALPHA= 4.00 
X 
.do18 
- 0 0 7 4  
- 0 1 6 6  
- 0 6 5 9  
-0459 
-089  5  
- 1 1 6 6  
-1472 
- 1 8 1 1  
-2183 
- 2 5 8 8  
-302  4 
.349  1 
-398  8  
-506 5 
-45   13  


























- 2 4 2 9  
- 1 6 2 2  
- 4 0 2 6  
.3230 





- 7 8 4 5  






















































































NEWTON I AN 
NEWTON'I  AN 
NEWTON I AN 
NEWTONI AN 
NEWTON I AN 
.oooo 
.0046 
. 0 120 
-0230 



















































































.8 145  7 























- 8 2  60 



































































































ZNO EXAMPLE CASE #'* MODEL 2 - FORCE DATA 










-06  1630 
-068880 
-076131 





























CU= -. 16904 
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I 
T A B L E  I . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S  F O R  M O D E L  1 A T  M, = 1 . 5 0  
( a )  a = Oo 
- .  
C p   a t   m e r i d i a r  
















( b )  a = 4 0  
b a t  o,irickr o n , ,  
s lz 
. o o o o  
" 
C p   a t   m e r i d i a n  
G"l 
e , d e g  = O r i f i c e  
s t a t i o n ,  













































































,2144 .2P64  e2028 1.0309 
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TABLE I . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  1 AT M, = 1 . 5 0   - - C o n t l u d e d  













































































. i l  
T A B L E  1 1 . -  S U R F A C E - P R E S S U R E  ,COEFFIC IENTS F O R  M O D E L  1 AT M, = 1.90  
( a )  a = O o  - I i 
O r i f i c e  











































































. 04U5  
,0519 





















































































T A B L E  1 1 . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  1 AT M, = 1 .90  - C o n c l u d e d  







































































I d )  a = 1 2 O  
C p   a t   m e r i d i a n   a n g l e ,   e , d e g  = O r i f i c e  















-. 02 73 
-0104 .- .0000 
-0169 -0026 






0234 0 155 
-0260 ,0207 
e0247 -0181 
.37 1 1  -. 0266 
-4124 "0117 
,4536 . O O O O  
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T A B L E  1 1 1 . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R  MODEL 1 AT M, = 2.30 
( a )  a = Oo. 






: p  a t   m e r i d i a n   a n g l e ,   e , d e g  = 
I 0 I 270 ~12- 



















. l o 0 9  
. l o 6 8  




























































. l o 6 8  
1045 
. l ob8  



















































































. l o 0 4  




. l o 8 6  
. l o 8 6  
. l o 8 6  
,1121 
























. l o 3 9  
. l o 7 4  



























( b )  a = 4 O  
C p   a t   m e r i d i a n   a n g l e ,   e , d e g  = 












































































































































. o n 7  
.io00 
. l o 1 2   , 5 7 7 3  
-1023  e6186 
-1058  6598 
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TABLE I I  1 . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R  M O D E L  1 AT M, = 2.'30 " C o n c l u d e d  
( c )  a = 8O 
( O r i f i c e  I C p   a t   m e r i d i a n   a n g l e ,   e , d e g = 
-e0237 
-.OS42 
















































O r i f i c e  
s t a t i o n ,  
1.6512 1.6235 1.5878 ,0206 
1.5128 1.4548 103882 e0412 
1.2454 1.1712 1.0852 ,0619 
,8348 ,7564 e6641 e0825  
I I 
1.6007 
1 0  3965 
1.0820 
.7205 
.%97  ,0181 


















































- a 0 0 7 4  
-e0085 
-moo62 




























































e 3 4 1 5  e3089 
,3438 a 3 0 6 5  
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TABLE I V . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  1 A T  M, = 2 . 9 6  
( a )  a = Oo 
-~ ." . 




























































. l o 0 8  -1009 
,1036 . l o 5 0  
,0967  . 54
,0898 ,0885 












, 0 8 9 ~  
.0911 
. o m 7  
.oa9r 





























































































































. l o 1 5  
( b )  a 
C p   a t   m e r i d i a n   a n g l e ,   e , d e g  = O r i f i c e  
s t a t i o n ,  
2 0 2 . 5  180 
1.7222 .oooo 
1.4347 ,0412 
1.6531  ,0206 
1.1251 .0619 
,6828 ,0825 
-3815  ,1031 
.0913  ,1649






. 0 8 m  . 3 n 1  
,0897 .4124 




























. o s29  ,0667 
,0527 ,0665 
.os27 ,0638 





















































e 0 5 0 3  
e0503 














. l o 9 0  


















T A B L E  IV . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  1 A T  M, = 2.96 - C o n c l u d e d  
I 
O r i f i c e  







90 67.5  45 22.5 
i.6836 1.6854 1.6888 1.6686 
1.5034 1.5110 1.5338 1.5668 
101956 1.2094 1.2514 1.3066 
,8296 .e525 .e999 .9690 
e4664 .4789 ,5207 ,5842 
e2030 -2160 .2466 .2936 
"0133 
.OPE7 



































































































~ . " 
I 202.5 
1 e6637 




























O r i f i c e  
s t a t i o n ,  
C P   a t   m e r i d i a n   a n g l e ,   e , d e g  = 
s l z  9 0  I 67.5 1 45 22 .5  1 0 1 270 1 247.51 225 1202.51 180 _I s/z  




































































































































































































































T A B L E  V . -  S U R F A C E - P R E S S U R E   C O E F F I ' C I E N T S   F O R   M O D E L  1 A T  M, = 3 . 9 5  



































































































































( b )  a 
C 































; p  a t   m e r i d i a n   a n g l e ,   e , d e g  = O r i f i c e  
s t a t i o n ,  
1.7393 .oooo 





















































































































































































T A B L E   V . -   S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  1 A T  M, = 3.95 - - C o n c l u d e d  








































- 0  156 
.0191 











































-0154 -0156 -0193 ,0319 
,0154 ,0156 00193 ,0337 
-0136 ,0156 -0193 ,0319 
,0154 .0156 ,0193 ,0337 
e0154 -0174 e01Y3 ,0355 
e0332 .03S2 ,0371 e0498 





















































































O r i f i c e  
s t a t i o n ,  s t a t i o n ,  
O r i f i c e  C p   a t   m e r i d i a n   a n g l e ,   e , d e g  = 
s lz S I [ '  180 202.5 225 247.5 270 0 22.5 45 67.5 90 
. O O O O  1.bd59  1.6535 1.6607 1.6641 1.6859 1.6535 1.6607 1.6641 
' 1.2493  1.6788  1.6571 1. 999 1.4 6 
1.5247 
.oooo 



























































































































































































































































TABLE VI .  - S U R F A C E - P R E S S U R E   C O E F F  








































































































































































































































( b )  a = 4 O  
63 ' 
TABLE V I . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L . 1   A T  M, =. 4 . 6 3 . -  C Q n c l u d e d  
I 
O r i f i c e  
























O r i f i c e  















































































































1.7018  1.7224  1.7123 
- 
1 
: p  a t   m e r i d i a n   a n g l e ,   e , d e g  
~ ~ 
















































































































































































































90 45 67.5 
-4262 1.4399 1.4717 
-6583 1.6538 1.0583 
,0758 1.0940 1.1531 
,6934 .7162 .7799 
-1655 -1746 -2064 
,0380 -0927 -0608 
.01U7 -0972 -0244 
a0062 -0972 ,0244 
.0062 ,0972 e0244 
.0109 -0154 -0245 
.0109 -0131 ,0222 
,0109 .0108 ,0153 
.008h -0063 ,0131 
-0063 ,0063 .0108 
~0040 ~ 0 0 4 0  io040 
,0063 , 0 0 4 0  -0062 
.0040 .11017 e0017 
.OU40 -0017 -moo06 
.OUlM -so006 -e0029 
.OUlB -.0006 -e0029 
.3976  .4431 
.olor .u972 .oa9 
.0018 -.0029 -.on52 























































































































:p a t  m e r i d i a n   a n g l e ,   e , d e g  = O r i f i c e  
s t a t i o n ,  
1.6583  1.6557 1.6724 . O O O O  
1.6557  1.6041  ,0206 
1.5053  1.3947 ,0412 
1.2183  .0805 ,0619 
-7945 -6617 e0825 
,2432 ,1701 ,1237 
,4847 ,3795 ,1031 
,1612 e1063 .1*43 
e1566 ,1063 e1649 
,1521 ,1018 e1856 
,1407  , 862  e2474 
,2062 
e1293 ,0748 ,2887 
e1247 .0702 e3299 





































-1293 e 0 5 6 5  

























TABLE V I I . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  2 AT M, = 1.50  








































































































l e r i d i a n   a n g l e ,   e , d e g  = 
1 0 1 270  1 ~ 2 4 7 . ~ 5 1 2 5  
1.5246  1.5291 i3230 1.%?94- 
1.4065 1.4106 1.4048 1.4108 
1.4979 1.4985 1.4925 1.4988 
1.0638 1.0741 1.0693 1.0705 
1.2618 1.2176 1.2523 1.2541 
,8924 ,8791 ,8749 ,8793 
,7057 .6918 .6919 -6920 
.5305 ,4930 -4936 ,4969 
,3706 -3591 -3602 e3631 
,2525 e2483 -2458 e2484 
,1268 ,1183 -1162 a1146 
-0316 -.0002 -0018 ,0037 
-e0598 -10805 -a0821 -e0805 
-.1550 -e1761 -a1774 -e1161 
-e2160 -.2220 "2232 -e2219 
-e2198 -e2144 -.2155 "2143 
-.2045 
-e1903 -e1853 -.le34 -a1860 
"1683 -.1685 "1692 r.1705 
"1593 -e1516 "1484 -e1523 
-e1451 -.1425  -.1419  "1445 
"1283 me1282 "1277 -e1290 
"1179 -11152 "1160 "1173 
-.lo37  "09.96  -.0991  -.IO04 
-a1011 -.0957  "0939  "0965 
- a 0 8 1 7  "0827 "0771 "0823 
"0934 "0892 -.U861 - s o 8 8 7  
"0662 -no684 "0667 "0706 
-so766 -a0710 "0667 "0732 
"0598 -.0606 "0576 - e 0 6 0 2  
"0533 -.OS02 "0511 -e0511 
"0417 -e0450 -.0446 -e0446 
-e0404 -a0385 -.0381 -e0407 
-0578 -1681 -1655 -1552 
.Pa79 -3149 -3173 ,3160 
-4301 e4578 -4575 ,4548 
-4727 -4916 .4912 -4899 
.4805 -4968 -4964 ,4951 
,4766 .4929 ,4912 .4912 
.Ob89 ,4747 .4743 .4743 
,4598 ,4591 .4600 .4600 
-4430 ,4474 ,4471 e4484 
.4288 .4357 .4367 ,4367 
,4197 ,4214 -4224 ,4211 
-4120 .4189 ,4198 .4198 
-4055 ,4072 -4082 ,4107 
-4004 e4046 -4043 -4068 
,3939 -3916 -3939 -3939 
-3590 ,3136 -3147 ,3134 
.x90 .3903  .3952 ,3887 

























"0670 -. 0592 
-.0501 


















- . o m 7  












-e1652 - .1458 
-.1394 -. 1251 -. 1083 - 0928 
- e  0928 
-e0863 - 0759 
-e0656 
- e 0 6 3 0  
-e0565 
-e0475 

























































T A B L E  V I  I . -  SURFACE-PRESSURE  COEFFICIENTS F O R  MODEL 2 A T  M, = 1.50 - C o n t i n u e d  
C : p  at rn 
I I I I 
. O O O O  1.5214 1.5198 1.5252 
.0223 1.4526 1.4550 1.4679 
,0670 1.165Y 1.1689 1.1926 
e 0 4 4 6  1.3303 1.3291 1.3455 
,0893 ,9441 e9477 -9708 
-1116 -7721 ,7799 -8064 
-1339 e5847 e5854 ,6115 
-1563 -4127 ,4176 e4432 
-1786 -2521 ,2575 a2827 
l e r i d i a n   a n g l e ,   6 , d e g  = 




1.0088  1.0526 
1.2228 1.2545 
e8406 ,8850 
a 4 7 7 4  ,5231 
e6495  ,6907 
e3245  .3669 
-2009 -1412 ,1469 -1718 a2060  ,2450 
-2455 -e0614 "0552 -e0347 -.0118 ,0203 
,2232 -0189 -0248 e0456 -0761 ,1117 
,2902 -a2220 -.2192  -.2029  1.1800  -.1550 
,2619 "1417 -e1353 -a1188 -e0921 -.0597 
,3125 -e2794 -12726 -e2602 -e2314 -.2159 
-3348 "2794 "2764 -.2679 -e2450 "2235 
;3571 -.2679 -.a650 "2564 -.2336 w.2121 















-6191 ,6083 e5805 
,4853 -4749 ,4509 
e3591 -3528 e3285 
-2177 ,2079 e1871 
-0953 -0859 m0686 
,0036 -.0019 -e0194 
-a1570 -.1620 "1761 
-e1035 -.lo86 -e1226 


































































































































- e  1256 
1165 






















"1143 "1176 -e1322 
-.1765 "0975 -.lo08 -.1167 
-e1636 -e0781 -mol88 "0972 
-.1507 -e0729 "0762 "0921 
"1288 -so483 "0542 -a0687 
-a1391 -e0599 -e0633 1.0791 
"1197 -a0340 -.0400 -.0558 
"1120 -.0340 -e0361 "0532 
-e1068 -e0302 -no322 9.0480 
-e0978 1.0224 "0257 "0428 
-e0823 -a0172 "0206 "0350 
-e0900 -e0159 "0206 -e0363 
-.0771 -e0107 -e0141 "0273 
"0720 -a0043 -e0089 -e0195 
"0552 -e0043 - n o 0 3 8  -so091 
-e0642 -e0043 -SO063 -e0091 
,0029 a1537 ,1308 ,0514 
,2199 ,3674 ,3610 -3407 
,3554 ,4593 ,4554 e4651 
,4549 ,5319 ,5278 ,5285 
,4833 ,5591 -5524 ~5376 
-4536 e5461 e5369 ,5156 
.4729 ,5565 ,5459 ,5247 
,4432 e5228 ,5149 e4923 
,4265 ,5099 -5045 ,4819 
,4213 ,4982 .4929 -4728 
,4084 ,4852 -4813 e4625 
,4006 .4762 -4122 .4534 
-3942 ,4762 -4722 ,4534 
.3903 ,4658 -4619 e4430 
,3864 -4658 -4606 -4392 
,3851 ,4516 ,4528 e4327 






-.1165 -, 1036 






















































,4021  ,9821 
,4027  1.0045 
-3988 1.0268 
e3980 1.0491 
e3962  1.0714 
,3275  1.0938 
66 
T A B L E  VI I . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S  F O R  M O D E L  2 AT M, = 1 . 5 0  - C o n t i n u e d  
O r i f i c e  
s t a t i o n ,  s t a t i o n ,  
O r i f i c e  C p  a t   m e r i d i a n   a n g l e ,   e , d e g  = 
s 11 s / z  180 2 0 2 . 5  2 2 5  2 4 7 . 5  2 7 0  0 2 2 . 5  45  67 .5  90 



























































































































































































































































































































































































































































































































































































. . .. 
T A B L E  V I I . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  2 A T  M, = 1.50 - C o n c l u d e d  
( d l  a = 12’ 
O r i f i c e  
s ta t i on ,  station; 
O r i f i c e  C p  a t   m e r i d i a n   a n g l e ,   e , d e g  = 
s 11 sll 180 2 0 2 . 5   2 2 5   2 4 1 . 5   2 7 0  0 2 2 . 5  4 5  6 7 . 5  90 




~ 0 8 9 3  
-1116 
. I339  
* 1563 - 1786 




. d l 2 5  
.37Y5 






























1  0938 
. m a  
. 4 ~ 1 1  
i . 3 2 0 0  




~ 3 6 1 7  
.2051 


















-. 1733 - . lY l4  
“1526 



















. j 142  
1.3332 
1 * 1692 




- 0 7 0 7  
-2233 
0323 
-. 1925 -. 1276 
-.2573 
“3222 - 3603 























































- . 2407  
-.232Y 
-a2251 
- .d l74  
-a2161 
“2109 
- .C058  
-.1Yb7 










































































~ 0 9 7 2  
-.1659 
-.0782 
-.2231 -. 2269 










-.I500 -. 1500 -. 1500 
-.1500 
-.1487 
-.1500 -. 1500 
,2305 











































































































































1  **234 
1 1632 

















-e0565 -. 0565 -. 0552 
-.OS65 
- .OS52 -. 0552 
-a0552 









































- . l606 -. 1393 
“1367 
- n  1354 
“1341 

































































1 I 0491 
,2049  1.0938 
1.0714 
68 
T A B L E  V I  1 1 . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  2 AT Moo = 1.90 
O r i f i c e  
s t a t i o n ,  - 










,3125 - ? l o 5 6  
.3348 "1133 
.3571 -.I133 
,1339 . !533 
( a )  a = Oo 
1 1 











- . lo21 
-. 1097 -. 1097 -. 1086 
-.0969 
-so930 -. 0853 - -0736 
"0736 -. 0672 -. 0659 -. Ob20 -. 0555 
-so529 -. 0465 



























,1040 -. 0524 -0277 
-.LO59 
- . lo96 - 096 
"1077 






-e0535 -. 0457 - . o s 0 9  
-.u354 
-.040$ 





















759  1 
e4237 
, 5 8 7 6 '  
,3056 
,1874 
1036 -. 0489 ,0273 
- , l o 6 1  -. 1099 - 1099 -. 10.66 -. 0963 
- u  0834 
-. 0898 
"0756 
c.0717 -. 0666 
"0627 
-.Ob01 




































- . lo53 -. 0924 
-e0872 
'.OB21 -. 0730 -. 0653 -e0705 
-.Ob14 








































0680 -. OS50 -.0628 -. 0538 
-.OS12 -. 0486 
-.0447 
-.0421 
-.OX7 -. 0279 
-.0215 
































"0762 -. 0749 
-e0685 
"0620 



































- . lo58 
- . lo20 
-.0938 -. 0886 
-.0?57 -. 0757 




































"1061 - I 1  022 -. 0956 















































































TABLE V1II.- S U R F A C E - P R E S S U R E   C O E F F I C I E N T S  F O R  M O D E L  2  AT M, = 1 . 9 0  - C o n t i n u e d  
(b) a = 4O 
O r i f i c e   C p   a t   m e r i d i a n   a n g l e ,   e , d e g = 
s t a t i o n ,  s t a t i o n , ’  
O r i f i c e  
s 11 90 6 7 . 5  45 2 2 . 5  st[ 180 2 0 2 . 5  2 2 5   2 4 7 . 5  2 7 0  0 
1.6223 1.6180 1.6208 1.6216 1.6189 1.6223 1.6186 1.9209 1.6216 ~ 0 0 0 0  










































-. 0409 * 0640 
- 0  1096 
-.1553 -. 1630 -. 1592 
-.I449 
-.1353 
































- a  0333 
“1440 
-. 1020 -. 1554 -. 1516 -. 1515 -. 1425 
-a1360 
-.1296 





















. I 586 
.2710 








































”1103 - 1064 
-.lo12 














































































~0927 -. 0485 . 0 0 1 1  -. 0485 



































































-.0370 -. 0344 

































0 3 3 1  
-e0324 
“0259 
-.0.?98 -. 0156 
-.oooo 
,0051 



















TABLE VII1.- SURFACE-PRESSURE  COEFFICIENTS FOR MODEL 2 A T  M, = 1.90 - C o n t i n u e d  
( c )  a = 8' 
I 
~ . "" 
I 
O r i f i c e  Cp   a t   .mer id ian   ang le ,   e ,deg  = O r i f i c e  
s ta t i on ,  



























.r143  -.0740 
.9jr5 









-2265 - 1311 
"0331 
-0356 
-e0903 -. 1476 -. 1858 
-.1934 -. 1934 -. ley4 -. 1790 -. 1610 -. 1687 
-. 1494 -. 1545 -. 1442 -. 1391 
"1326 -. 1249 
"1184 
"1107 -. 102Y 
"0978 
-.OY26 
























*l o o 1  -. 0525 0238 -. 1059 
-.lo97 
"1097 -. 1064 -. 0999 
-e0921 
- . o Y o 8  -. 0844 -. 0883 
-.0818 -. 0792 
-e0779 




















- 2 5 9 4  
-2567 
. lnso 






























































































































- e  0529 
-a0386 










































































* o o o o  
,0146 

















































T A B L E  VIII. - S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  2 A T  Mm = 1 . 9 0  - C o n c l u d e d  
O r i f i c e  
s t a t i o n ,  
-0223 






































































































-. 1364 - 0868 -. 1898 
-.2203 
"2279 











"1310 - 1284 

























- e  1630 
-.208Y 
-.2012 
- . 2050  
"2019 





















































"1416 -. 1429 
"1455 


























"1136 -. 1136 
"1106 
-. 0964 -. 1003 








































































































































































































































O r i f i c e  




















































T A B L E  I X . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  2 A T  M, = 2 .30  
- 
O r i f i c e  
s ta t i on ,  
s I[ 








































- 8 7 0 5  
-8929 
-9152 








(a )  a = O o  
-~ 
I 1 
C D  a t   m e r i d i a n   a n g l e ,   , d e g  = O r i f i c e  
s ta t i on ,  
1.6812 1.6817 1.6843 
1.6461 1.6465 1.6467 
1.5429 1.5430 1.5456 
1.3717 1.3713 1.3668 
1.1723 1.1715 1.1669 
-9636 ,9598 -9576 
-7830 ,7811 a7765 
-5766 ,5742 -5719 
-4335 e4331 ,4308 
,3233 e3225 ,3203 
-2154 ,2120 ,2121 
-1240 e1203 ,1204 
-a0121 -a0137 -e0161 
,0559 -0545 ,0545 
“0543 - e 0 5 3 7  -e0560 
-.OS66 -e0561 -e0584 
,2694 -2724 -2722 ,2660 ~ 2 7 0 3  
-2694 ,2724 -2710 ~ 2 6 8 0  -2703 
-2694 ,2736 -2698 -2691  ,2703 
-2683 ,2724 ,2686 .2680 ,2691 
,2694 -2724 -2698 ,2691 -2703 

















-.0451 ’ “0453 
-.0404 -no406 































































































































TABLE I X . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  2 AT M, = 2 . 3 0  - C o n t i n u e d  
( b )  a = 4 O  
s t a t i o n ,  
s lI 0 22.5 45 67.5 90 
















































































































































C p   a t   m e r i d i a n   a n g l e ,   e , d e g  = 
 station, 
O r i f i c e  
270 s / l  180 202.5 225 247.5 





























































































































































- . 0 0 5 2  












































































































































- e 0 3 3 3  
“0321 








.2147  .1290 ,0609 
,2878 -2612 ,2105 
.io55 ,2931 -2647 
,3161 ,2978 ,2741 
-3185 ,2990 ,2741 
-3161 ,2943 ,2682 
,3149 ,2907 -2647 
-3149 02872 ,2611 







































,3114 -2836 -2564 09821 
,3126 -2872 -2600 1.0045 
,3114 ,2860 ,2588 1.0268 
,3126 ,2848 ,2588 1.0714 
,3114 ,2848 -2576 1.0491 
,2984 -2718 ,2470 1.0938 
74 













9 0  
1 6460 
























































































b15 1 0 














- e  1247 
"1176 
-.1200 
- a  1197 
-a1126 
-.lo79 











































































































































-.0517 -. 0498 
-.0439 -. 0439 
-.O4lb 
-.0392 
"0392 - 0380 -. 0380 -. 0369 
-.0369 






















































































































O r i f i c e  
s t a t i o n ,  
1.6567 1.6577 . O O O O  

































































































































































































TABLE I X . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S  F O R  M O D E L  2 A T  M, = 2 . 3 0  - C o n c l u d e d  
I I 
C p   a t   m e r i d i a r  
I I I I 




































































,1563  .29o4 
6 7 . 5  0 2 2 . 5  45  
1.6005 1.6106 1.6132 1.6132 




























- .a257 ,0077 
-a1150 e.0935 





































i.3966  i.4745 
1.2247  1.3311 
-9823 1.1124 
.9478 
I a n g l e ,   e , d e g  = 
2 7 0   2 4 7 . 5   2 2 5   2 0 2 . 5  180 


















- . 0 8 7 2  







































-.0463 -. 0451 
"0439 
-.0439 -. 0439 
"0439 





















































































































O r i f i c e  














































. 0007  






































































T A B L E  X . -  S U R F A C E - P R E S S U R E   C O E F F I C I E N T S   F O R   M O D E L  2 AT  M, = 2 . 9 6  
O r i f i c e  




( a )  a = Oo 
1 -  
"" ~" . 
C p   a t   m e r i d i a n   a n g l e ,   e , d e g = O r i f i c e  
s t a t i o n ,  
~" 
1.7297  1.7303  1.7294 e 0 0 0 0  
i 
. 0 0 0 0  
0223 
0446 


































































































































































































































































































































































































































































































































TABLE X. - S U R F A C E - P R E S S U R E   C O E F F  I C I E N T S   F O R   M O D E L  2 A T  Moo = 2 . 9 6  - C o n t i n u e d  
C P  a t   m e r i d i a n   a n g l e ,   e , d e g  = 
" 
9 0   6 1 . 5   4 5   2 2 . 5  0 2 1 0   2 4 1 . 5   2 2 5  
- I" 
I I I I I J I I 
. O O O O  1.7240  1.7234  1.7270  1.7256  1.7271  ,7240  1.7234  1.7270 
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Figure 1.- Axis systems. 
Equivalent bodies 
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(a) Model 1. 
Figure 5." Longitudinal variation of surface-pressure coefficients obtained 
from theoretical methods and experimental data. a = 00 . 
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Figure 5.- Longi tudinal  var iat ion of surface-pressure coefficients obtained 
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Figure 6.- Concluded. 
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(b) Model 2. 
Figure 7.- Concluded. 
100 
Present  theory 
"_ Modified  Newtonian  theory 
0 Experimental 
(a) Model 1. 
Figure 8.- Comparison of theoretical estimates of forces and moments with experimental results. 
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